MAX IV will be Sweden's next-generation high-performance synchrotron radiation source. The project has recently been granted funding and construction is scheduled to begin in 2010. User operation for a broad and international user community should commence in 2015. The facility is comprised of two storage rings optimized for different wavelength ranges, a linac-based short-pulse facility and a freeelectron laser for the production of coherent radiation. The main radiation source of MAX IV will be a 528 m ultralow emittance storage ring operated at 3 GeV for the generation of high-brightness hard x rays. This storage ring was designed to meet the requirements of state-of-the-art insertion devices which will be installed in nineteen 5 m long dispersion-free straight sections. The storage ring is based on a novel multibend achromat design delivering an unprecedented horizontal bare lattice emittance of 0.33 nm rad and a vertical emittance below the 8 pm rad diffraction limit for 1 Å radiation. In this paper we present the beam dynamics considerations behind this storage-ring design and detail its expected unique performance.
I. INTRODUCTION
Several high-performance third-generation synchrotron radiation sources like SLS [1] , SOLEIL [2] , and Diamond Light Source [3] have gone into operation in the past decade. As the technology of insertion devices (IDs) develops, requirements for synchrotron sources increase. This has sparked the design of advanced third-generation sources which push even higher brightness, submicron stability, and high constant stored current. Several such sources are presently under construction around the world: NSLS-II in the USA [4, 5] , PETRA III in Germany [6] , and MAX IV in Sweden [7] .
The MAX IV approach accounts for the fact that the different requirements of advanced synchrotron radiation sources cannot be equally fulfilled by a single machine. The required spectral range stretches from infrared to hard x rays while the time structure is required to satisfy both intense pulses in the fs domain as well as high average brightness in long pulses. In addition to spontaneous radiation, there is also an increasing demand for both temporally and spatially coherent radiation. A global optimization of the MAX IV facility based on this wide range of challenging demands has resulted in a solution with two separate storage rings and a linac-driven shortpulse facility which in a second stage will be upgraded with a free-electron laser. The two storage rings are operated at different energies to provide radiation of high brightness over a broad spectral range. The 3 GeV linac serves as a full-energy injector for the storage rings as well as the driver of the short-pulse facility delivering intense x-ray pulses below 100 fs at 100 Hz [8] . In the first stage this will be spontaneous radiation with an upgrade to a coherent free-electron laser source based on seeding and/or cascading expected in a second stage.
The UV and soft x-ray storage ring will be a new 1.5 GeV storage ring. It is similar to the existing MAX II storage ring [9] in size, but will feature a new vacuum system, an upgraded lattice, and new magnets to provide better performance for modern IDs, but also in order to extend to lower energy beam lines. Thus present-day beam lines at the 700 MeV MAX III storage ring [10] can be moved to the new 1.5 GeV ring. By building a new 1.5 GeV ring rather than relocating MAX II and MAX III to the new MAX IV site, a ''dark period'' for UV users at MAX-lab can be avoided.
An entirely new 3 GeV storage ring which has been optimized for hard x rays will complete the MAX IV facility. The lattice is based on the 20-fold seven-bend achromat described in [11] . With its unprecedented horizontal bare lattice emittance of 0.33 nm rad and a vertical emittance adjusted to the diffraction limit of its IDs, it is the most demanding storage ring at MAX-lab. Initial design studies [7, [11] [12] [13] [14] [15] have been heavily revised and a detailed design is presently being completed [16] . Construction of the facility is scheduled to begin in 2010. User operation should commence in 2015.
This paper will highlight the MAX IV 3 GeV storagering lattice and the beam dynamics considerations of the detailed design study. The following section presents the lattice, nonlinear optimizations and damping wigglers. Section III touches on related magnet, vacuum, and rf technology issues. Finally, Sec. IV demonstrates the expected dynamic performance of the lattice but also of the entire machine as a high-brightness source of synchrotron radiation. A summary and conclusions are given in Sec. V.
II. LATTICE A. Multibend achromat
The figure of merit of a modern synchrotron radiation facility is a small emittance of the electron beam. The magnet lattice defines the emittance as " ¼ CE 2 =N 3 d , where E is the beam energy, N d is the number of dipole magnets, and C is a constant given by the lattice. The bare lattice emittance is then further reduced by strong IDs. Minimizing C by appropriate choice of the lattice functions is the theoretical minimum emittance design approach [17] . This approach however is hampered by problems of nonlinear optics design and high sensitivity to lattice imperfections resulting from overstrained optical functions. Instead, the MAX IV 3 GeV storage ring is based on a very simple but robust design approach: ultralow emittance is achieved by increasing the number of dipoles N d . In order to prevent the ring from becoming large and costly, the number of magnets is increased by shortening the magnet cells. However, shorter magnet cells require stronger focusing gradients to keep the electron optics optimized. The strong gradients required for the MAX IV 3 GeV storage ring are achieved by a reduction of the transverse dimensions of the magnet elements (see Sec. III B for associated vacuum issues).
The storage ring is composed of 20 achromats (supercells) which each contain seven magnet cells: five unit cells plus two matching cells. The matching cells are separated from the unit cells by a 1.3 m short straight section where rf cavities can be installed [18] . The achromats are connected by 5 m long straight sections. The matching cells closely resemble the unit cell, but with only half a dipole (similar to a missing magnet dispersion suppressor). A schematic of one MAX IV 3 GeV achromat is given in Fig. 1 . The unit cells contain 3 bending magnets with a gradient for vertical focusing. Focusing quadrupoles are interleaved between the dipoles [19] . The matching cells contain short 1.5 gradient bends with a soft end (that is, a longitudinally varying dipole field with field strength reducing towards the long straight) to reduce synchrotron radiation heat load on the downstream ID [20] . A quadrupole doublet in the matching section allows matching of the achromat optics to the ID in the long straight section.
The optical functions for one achromat are displayed in Fig. 2 and the main parameters of the 3 GeV storage ring are given in Table I . The strong gradient in the bending magnets yields a very compact lattice (12.5 m horizontal betatron wavelength). A summary of the dipole and quadrupole strengths is given in Table II . The optics in the achromat have been tuned in such a way that the vertical beam size in the straight section is below the diffraction limit even for modest values of coupling. At a radiated wavelength of rad ¼ 1 # A, the photon diffraction limit is " rad ¼ rad =4 ¼ 8 pm rad. This is 2.4% of the horizontal bare lattice emittance and corresponds to a vertical beam size of 6 m at the center of the straight section. However, for longer wavelength beam lines, a larger vertical beam size would be sufficient to meet the diffraction limit. Because of intrabeam scattering and lifetime concerns (see Sec. IV E), it is not advisable to choose a vertical beam size below the diffraction limit. Therefore it is foreseen to include a set of geometric and chromatic skew quadrupoles in the lattice in order to gain tight vertical beam size control. Betatron coupling leading to spurious vertical dispersion will be suppressed so the vertical beam size meets the diffraction limit in the IDs delivering the hardest radiation. The vertical beam size in the achromats can then be increased in order to retain good lifetime by local control of the vertical dispersion (h 00101 ) without driving global linear coupling (h 10100 and h 10010 ) [21] .
B. Nonlinear optics and higher-order correction
Although the overall optics are relaxed (considering the ratio x = x % À1:2), the compact lattice is of strong focusing nature leading to a large negative natural chromaticity. Chromatic sextupoles are required in order to reduce this high natural chromaticity. The nonlinearities of the lattice then have to be corrected to retain sufficient dynamic aperture. Because of the modest dispersion in the achromat, the chromatic sextupoles are strong. It was originally foreseen to integrate the focusing sextupole into the focusing quadrupoles between the unit cell dipoles. This idea was later dropped in order to retain full tuning capability and reduce nonlinearities arising from the long sextupole magnets. Instead, the focusing quadrupoles between the unit cell dipoles were split up and a short sextupole inserted in the center (see Sec. III A). This puts the TABLE II. Dipole field and quadrupole gradients for different magnet families in the MAX IV 3 GeV storage ring (bare lattice). For the dipoles, the length given corresponds to the iron length; for the quadrupoles the hard-edge magnet length is specified. The quadrupole gradient of the matching cell dipole specified here corresponds to the peak strength; the dipole gradient in the soft-end dipole varies longitudinally in the same way as the dipole field. [24, 25] . Resulting amplitude-dependent tune shifts and chromatic behavior were verified with TRACY-3 [26] for the bare lattice and the lattice with IDs.
The high periodicity of the lattice reduces the number of allowed resonances. Although the choice of working point keeps the tunes clear of potentially limiting resonances, the number of sextupole families used to minimize the abovementioned terms was insufficient. Amplitude-dependent tune shifts remained too large leading to reduced dynamic aperture. However, since amplitude-dependent tune shifts are a second-order effect from the sextupole Hamiltonian, it is clear that sextupoles are inefficient at fighting them. Instead, three dedicated harmonic octupole families were added to the matching cell at positions with optimum beta function ratios [27, 28] . These three octupole families were then used to effectively fight the three Hamiltonian driving terms for amplitude-dependent tune shift: h 22000 ! @ x =@J x , h 00220 ! @ y =@J y , h 11110 ! @ x =@J y ¼ @ y =@J x . Accordingly, the sextupoles could then be reoptimized to fight only first-order sextupole terms and adjust chromatic tune shifts. By properly tuning the cubic chromaticities ( 
y ), the chromatic tune shift can be ''wrapped up'' around the working point keeping the chromatic tune footprint very compact (cf. Fig. 13 ). A summary of the sextupole and octupole parameters is given in Table. III. An in-depth comparison of the MAX IV 3 GeV storage-ring lattice and its performance with and without higher-order octupole correction is currently being prepared for publication in [28] .
Because of the large beta function ratios at the chosen octupole locations, the required octupole strengths are low and the magnets can be kept short and simple. With the proper octupole tuning, the amplitude-dependent tune shifts can be reduced to very small values within the physical aperture (see Fig. 3 ). As a result of the sextupole reoptimization, the chromatic tune footprint has been minimized and the overall sextupole strength reduced (see Fig. 4 ).
TABLE III. Sextupole and octupole gradients for different magnet families in the MAX IV 3 GeV storage ring (bare lattice). The specified length corresponds to the hard-edge field length. The resulting nonlinear optics settings also ensure that the two synchrobetatron terms h 20001 and h 00201 are kept as small as possible. This is crucial for good longitudinal acceptance (see Sec. IV B) because these terms drive the momentum-dependent beat of the beta functions (d x =d, d y =d). Dependence of the beta functions (at the center of the long straight section) on momentum deviation is shown in Fig. 5 .
C. Damping wigglers
Damping wigglers will be used to further reduce the bare lattice emittance and damping time. Two cases were studied so far. The first option makes use of two superconducting damping wigglers installed in opposite straight sections. Each of these devices is 1.5 m long and has a peak magnetic field of 3.5 T. An alternative option foresees the installation of two or four normal-conducting permanentmagnet damping wigglers (PMDWs) in several straight sections. These devices will be 2 m long and have a peak magnetic field of 2.22 T (see Table IV ). If four of these devices are installed in the MAX IV 3 GeV storage ring, the horizontal emittance can be reduced from 0.33 to 0.26 nm rad. The radiated energy per turn is increased from 360 to 572 keV while the damping time is reduced by 24%.
Because of their strong vertical focusing effect, the damping wigglers have to be compensated in order to ensure optimum dynamic performance. This will be done in two steps. First, the final quadrupoles in the matching sections flanking the damping wigglers are adjusted to reduce the vertical beta function in the straight section making the beam less sensitive to the vertical focusing of the wiggler. In principle, this local compensation could be achieved in the opposite manner by reducing the vertical focusing at the entry to the straight to compensate for the additional vertical focusing of the wiggler. This however has the drawback of increasing the vertical beam size within the IDs. We therefore chose to compensate by increasing the vertical focusing in the straight even though this comes at the cost of a larger overall phase advance. In a second step, the main focusing quadrupole family and the defocusing pole strips in the dipoles are adjusted to restore the global working point. Studies have shown that this procedure does not necessarily require retuning the sextupole and octupole optics [16] .
It is currently under investigation if such compensation should also be implemented in a feed-forward scheme for strong in-vacuum undulators with variable gap settings. The great advantage of such a combined local/global compensation for IDs is that the optical functions and tunes in the entire machine are kept as close as possible to their bare lattice design values for which the nonlinear optics have been optimized. The result is that dynamic performance should remain high regardless of ID gap settings since the working point is always restored and tune shifts away from it are kept small.
III. TECHNOLOGY A. Magnets
The magnets for the MAX IV 3 GeV storage ring are required to be very compact. Together with the very low emittance of the beam, this calls for very strong multipole magnets. The foreseen solution is to use magnets with very small apertures and a narrow vacuum chamber. The dipoles are C-type with a gradient; the gap therefore varies around the center value of 28 mm. The quadrupole, sextupole, and octupole magnets have full apertures of 25 mm. The good field region (defined as the area where the main field component is within AE0:02% of the design field strength) of these magnets extends to no less than AE10 mm in the horizontal plane.
As already successfully demonstrated in MAX III [10] , several magnets will be machined into a common iron block resulting in an integrated girder-magnet design. This inexpensive design approach has the advantage that alignment errors can be reduced to the level of machining accuracy (on the order of 10 m). For the MAX IV 3 GeV storage ring it is foreseen to integrate the magnets in the unit cells and the magnets in the matching cells. For the unit cell this calls for integration of the two defocusing sextupoles together with the 3 unit cell dipoles (displayed in Fig. 6 ), possibly including the focusing quadrupoles and focusing sextupoles between the unit cells. In the matching cell all the magnets between the long straight and short straight will be integrated: the 1.5 soft-end dipole, the final focusing quadrupole doublet, three octupoles, and two beam position monitor (BPM)/corrector pairs (see Fig. 7 ).
The dipole magnet blocks will be installed on massive concrete supports at low height. In between these structures, quadrupole magnet blocks are installed on rigid bridge girders attached on both sides to the massive concrete supports. Alignment of the integrated magnet blocks on the concrete support will be done with adjustment screws similar to MAX III; beam-based alignment of the magnet cells will be performed using an established scheme based on corrector magnet strengths for the corrected orbit [10, 29] . The benefit of using small and therefore light magnets on massive but low support blocks is that the eigenfrequencies of the magnets are pushed beyond 100 Hz [16] . This is very important for the MAX IV 3 GeV storage ring since the tolerances for beam vibrations are very tight given the ultralow beam size (a vertical beam size on the order of 3 m at the ID center calls for a vertical beam stability of % 300 nm in the straight sections).
Pole face strips will be included in the dipoles to allow for adjustments of the defocusing quadrupole strength. The focusing sextupoles as well as the final defocusing sextupole family are foreseen to carry additional windings so that horizontal and vertical orbit correction can be integrated (as done at SLS). In addition, there will be additional extra windings on the defocusing sextupoles for use as either auxiliary sextupoles (since all regular sextupoles are powered in families) or as skew quadrupoles. Additional windings on the two octupole families installed closest to the ID could be used as nondispersive skew quads.
B. Vacuum system
The small magnet apertures require a narrow vacuum chamber. Such vacuum systems are usually plagued by poor vacuum conductance. This problem has been solved for narrow-gap ID vacuum chambers by the introduction of nonevaporable getter (NEG) coating [30] . For the MAX IV 3 GeV storage ring, it is foreseen to extend this technique to the entire storage-ring vacuum chamber. First tests using NEG-coated copper tubes as dipole vacuum chambers in MAX II have shown promising results [31, 32] .
It has therefore been decided to use a circular NEGcoated copper tube with an outer diameter of 24 mm within the storage-ring achromats. In this way lumped absorbers can be avoided as synchrotron radiation is distributed along the tube yielding a lower power density. Small discrete ion pumps will be installed to pump rest gas along with dedicated roughing pumps. Short tapering sections in the straights will make the transition from the circular beam pipe to either the narrow-gap chamber or the ID chamber in case of in-vacuum devices. Heating for bakeout and reactivation of the NEG can take place in situ if baking tape is applied around the outside of the chamber as has been successfully demonstrated at SOLEIL [33] .
C. rf system
Since the MAX IV facility has its own dedicated shortpulse facility, the storage rings can be operated at low radio frequencies with long bunches. Long electron bunches have the advantage of a narrow power spectrum which counteracts the resistive wall instability and thus reduces the need to run at large positive chromaticities restricting the energy acceptance.
It is therefore foreseen to use 100 MHz rf cavities in the MAX IV 3 GeV storage ring. There is a lot of experience at MAX-lab with this cavity type [34] . Higher-order modes are pushed to relatively high frequencies, where their influence is diminished due to a poor form factor. Six such cavities operated at 250 kV gap voltage will ensure 5.3% rf momentum acceptance for a machine with four PMDWs and 4.0% rf momentum acceptance for a machine with four PMDWs and ten in-vacuum undulators (IVUs) [35] .
The cavities are installed in the short straight sections keeping all but one long straight section (injection straight) free for IDs. Cavities are joined in pairs with 3 dB hybrids and connected to four 50 kW tetrode amplifiers. This scheme has the advantage that it reduces reflected power to the amplifier without the need for expensive circulators. At the same time, power regulation can be achieved by phasing rather than by changing the power level of the amplifier.
In addition to the main rf cavities, three passive thirdharmonic Landau cavities will be installed to further lengthen the bunches and improve lifetime. With such a double rf system the bunch length can be increased from 10 mm for the bare lattice (or 12 mm in the case of the machine with four PMDWs and ten IVUs) by a factor 4-5 [16] . [16] . At the septum, separation between the stored beam and the injected beam is 5.5 mm. To this we add a safety margin and set the horizontal dynamic aperture requirement at AE8 mm in the straight section (corresponding to a horizontal acceptance requirement of 7.1 mm mrad). In the vertical plane dynamic aperture requirements of a modern synchrotron radiation source are modest due to successful operation of minigap in-vacuum IDs. With such half-gaps on the order of 2 mm and typically y ¼ 3 m at the end of the IDs, a vertical acceptance requirement of 1.3 mm mrad should be sufficient.
IV. LATTICE AND MACHINE PERFORMANCE
Dynamic aperture for the MAX IV 3 GeV storage ring has been calculated with both OPA and TRACY-3. The PMDWs have been modeled in with both the wiggler model as well as with kick maps generated by RADIA [36] . Very good agreement was observed between results obtained with the OPA undulator model, the TRACY-3 wiggler model, and kick maps inserted in Results for the center of the 5 m straight section indicate sufficient dynamic aperture in both planes for on-and off-momentum particles as shown in Fig. 8 . If the physical boundaries are included in the lattice file, the dynamic aperture extends to these boundaries confirming that nonlinearities are very small within the physical aperture.
Dynamic aperture was also calculated for a machine with imperfections. In a first study, ignoring girder correlations, quadrupole and sextupole magnets were assumed misaligned by 50 m in both the horizontal and the vertical direction as well as rolled by 0.2 mrad (these are rms misalignments with a cutoff at 2). In addition, higherorder multipole errors were added to all quadrupoles and sextupoles. A tentative BPM/corrector layout with 10 BPMs and corrector pairs in each achromat was then used to simulate orbit correction with TRACY-3 and to obtain statistics (different random seeds). The resulting maximum required corrector strength was below 0.2 mrad and maximum offsets for the closed orbit remained below 70 m in both planes. For each error seed the dynamic aperture was calculated. An example showing the result for 20 error seeds is given in Fig. 9 ; the applied errors were again 50 m (horizontal and vertical rms misalignment, 2-sigma cutoff) and 0.2 mrad (rms roll error, 2-sigma cutoff). The reduction of dynamic aperture is clearly visible, however the requirements are still fulfilled. It is known that the tolerances for the girder alignments can be relaxed, if they are tight for the magnets on the girder [25] , so in a more realistic study it is expected that 100 m misalignments to girders and 30 m misalignments of the magnets with respect to the girder will suffice. For magnets that are machined into a common solid block of iron (see Sec. III A), we expect the alignment of the individual magnets within the same block to be on the order of only 10 m.
The dynamic aperture results are confirmed by diffusion maps calculated in TRACY- . An example for on-momentum particles taken at the center of the 5 m long straight section is shown in Fig. 10 . The dynamic aperture is essentially the same as in Fig. 8 . A stop band (for Áx ¼ AE12 mm caused by the octupolar coupling resonance 2 x À 2 y ¼ 56) is noticed.
In addition to the diffusion map, frequency map analysis also gives a tune footprint. An example is shown in Fig. 11 where the area within the required dynamic aperture has been inspected for resonant particle loss. Tracking data was gathered by sampling the transverse plane as shown in the diffusion map in the top of Fig. 11 . The same data was plotted again in fractional tune space which is shown in the bottom plot. The amplitude-dependent tune shift away from the fractional working point 0:20=0:28 can be clearly recognized. Highest diffusion (roughly 10 À6 ) is encountered as the tune is shifted onto 5 x ¼ 211; this corresponds to the bands seen in the top of Fig. 11 for jÁxj ! 4 mm, jÁyj > 1 mm. Frequency map analysis demonstrates nicely how the amplitude-dependent tune shifts have been adjusted to ''wrap around'' the working point; tune shifts for betatron motion lead back to the working point thus reducing the overall tune footprint and staying clear of potentially limiting resonances. It has been pointed out that folded regions of phase space are potentially unstable [39] . However, for amplitude excursions within the physical aperture of the MAX IV 3 GeV storage ring, the tune shifts have been minimized so that expected tunes stay clear of the actual fold (see Fig. 3 ). In order to verify that even in the presence of errors the fold does not break down and lead to unstable motion, dynamic aperture was studied when misalignments and multipole errors had been included in the tracking. Although the resulting dynamic aperture is reduced somewhat by these errors (see Fig. 9 ), it always remains beyond the requirements and no evidence has so far been found that the fold leads to any detrimental effects. The tune footprint confirms that the amplitude-dependent tune shifts in the MAX IV 3 GeV storage ring are very small for on-energy particles (cf. the extremely small area occupied in tune space in Fig. 11 ) and that there is no resonant particle loss for particles within the dynamic aperture required for injection and the stay-clear area in the straights.
B. Energy acceptance
In order to achieve the required Touschek lifetime on the order of 10 h, it is crucial to confirm a momentum acceptance of AE4:5%. The overall momentum acceptance is given by the rf momentum acceptance and the lattice momentum acceptance. While choosing a total cavity gap voltage of 1.5 MV or greater is sufficient to achieve AE4:5% rf momentum acceptance in the storage ring with IDs, it has to be verified that the lattice itself has a momentum acceptance no less than AE4:5%. The small dispersion within the MAX IV 3 GeV achromat ensures that dispersive orbits remain well within the limits of the physical aperture.
Tracking of off-momentum particles was done with TRACY-3. Particles with a constant vertical offset of Áy ¼ þ1 mm were given different momentum offsets and transverse amplitudes. After tracking for 2000 turns (corresponding to roughly a third of damping time) diffusion was calculated. A first example is shown in Fig. 12 where the lattice momentum acceptance can be clearly recognized at þ6% and À8%. Particles with energy deviations beyond those limits will be lost regardless of the rf acceptance. Frequency map analysis shows that particle loss is caused by the integer resonance y ¼ 14 for > þ6% and by the half-integer resonance 2 y ¼ 29 for < À8%.
A more detailed view is given in Fig. 13 where horizontal excursions have been limited to low values. This is of interest because the Touschek scattering events leading to large energy deviations take place at the core of the bunch where particle density is greatest. The plot at the top of Fig. 13 is a diffusion map for energy deviations of AE7% at the bunch core and the bottom plot shows the corresponding frequency map in fractional tune space. Again the ''wrap up'' of tune shifts around the working point can be recognized: two tune shifts lead away from the fractional working point at 0:20=0:28. Energies above design ultimately lead to lower vertical tunes (covering less than 0.2 in vertical tune); their overall horizontal tune shift is less than 0.03. The other branch in tune space, leading to larger vertical and lower horizontal tunes, is for particles below design energy; their overall tune variation is however less than 0:1 Â 0:1. A stop band is recognized for > þ6% which stems from tune shifts onto the integer reso- The scale is logarithmic in tune shift from low (blue) to high (red). Note that compared to the diffusion map given in Fig. 10 the scale here has been shifted to lower diffusion rates by an order of magnitude.
nance y ¼ 14. Particles with energy above design encounter increased diffusion for % þ4:75% (4 y ¼ 57) and % þ5:5% (5 y ¼ 71). For energies below design the main diffusion encountered is due to 6 x ¼ 253 which is seen in the area around % À2:75% as well as % À6% for jÁxj ! 2 mm. In the latter case diffusion is further increased by 3 y ¼ 43.
Frequency map analysis demonstrates that the chromatic tune shifts in the MAX IV 3 GeV storage ring are very small. Horizontal tune excursions remain well below 0.1 for all energies within the rf momentum acceptance; overall vertical excursions are less than 0.3. This shows that even for extreme Touschek events no dangerous low-order resonances will be encountered ensuring good Touschek lifetime and large momentum acceptance.
Since all these considerations have been made for the ideal lattice, the importance of a sophisticated correction scheme has to be emphasized. As has been first demonstrated at the ALS [40, 41] and later at several other storage rings, it is indeed possible to meet the design momentum acceptance in the real machine and hence achieve the theoretically predicted Touschek lifetime by careful measurement and correction of the linear [42] and nonlinear [43] optics. For example, meeting the design specifications of the SLS storage ring required the following measures: first, the orbit was corrected, including beam-based BPM calibrations, and the beta functions were restored. Then, small skew quadrupoles located in dispersive and nondispersive sections were employed for precise vertical beam size control, control of vertical dispersion, and suppression of betatron coupling [44, 45] . Finally, the sextupole pattern was symmetrized by means of small auxiliary sextupoles [46] .
C. Intrabeam scattering
Because the transverse emittance of the MAX IV 3 GeV storage-ring lattice is so small, intrabeam scattering (IBS) is expected to have a significant influence on the overall equilibrium emittance. Emittance values given so far take into account synchrotron radiation damping and quantum emission fluctuations, but not IBS. In order to quantify the effect of IBS on the equilibrium emittance, calculations have been performed in ZAP [47] and compared with TRACY-3 [48, 49] . The ZAP results calculated for a total stored current of 500 mA and a vertical emittance adjusted to the 1 Å diffraction limit " y ¼ 8 pm rad are summarized in Table V. For very small lattice emittance values the influence of IBS on equilibrium emittance is very strong. Hence, for the MAX IV 3 GeV bare lattice, the total emittance is significantly underestimated when IBS is not taken into account (the inclusion of IBS leads to a 39% increase of the equilibrium emittance). However, once the third-harmonic Landau cavities and IDs are added, the additional radiation damping and bunch lengthening strongly reduce the influence of IBS on equilibrium emittance ( < 15%).
D. Touschek lifetime
The lattice momentum acceptance has been calculated by tracking with TRACY-3 in 6D including effects of the nonlinear lattice [50] . An error-free machine with realistic vacuum chamber dimensions (horizontal half-aperture a x ¼ 11 mm) was used for these calculations. The momentum acceptance for one achromat of the MAX IV TABLE V. Equilibrium values for the horizontal emittance of the MAX IV 3 GeV storage ring calculated with (right) and without (left) IBS using ZAP. The influence of the third-harmonic Landau cavities (LC) is also shown (with bunch lengthening to s ¼ 50 mm assumed). 3 GeV storage ring in different configurations is shown in Fig. 14 . As required by the design specifications, the expected configurations of the MAX IV 3 GeV storage ring always render a lattice momentum acceptance of 4.5% or higher. For the following considerations on Touschek lifetime we therefore assume an rf momentum acceptance set to rf ¼ 4:5% which should then dominate overall momentum acceptance.
Touschek lifetime has been calculated with TRACY-3 [51] . We assumed 500 mA stored beam current in 176 bunches with a limiting rf acceptance set to 4.5% as detailed above. A Touschek lifetime of 9.85 h is obtained with four PMDWs installed and vertical emittance adjusted to the 1 Å diffraction limit (" y ¼ 8 pm rad). For the case where four PMDWs and ten IVUs are installed a Touschek lifetime of 9.31 h is determined. In addition to the main cavity, we also foresee installation of Landau cavities operating at the third harmonic. The bunch lengthening from the Landau cavities leads to an increase of Touschek lifetime by a factor 4-5. Touschek lifetime for various configurations of the MAX IV 3 GeV storage ring as well as the influence of IBS is shown in Table VI .
It should be pointed out that concerning Touschek lifetime the MAX IV 3 GeV storage ring operates in an atypical regime. As the emittance of the storage ring is further reduced by adding additional IDs, the Touschek lifetime actually improves. This is a unique property among third-generation synchrotron radiation sources and is ultimately a consequence of the ultralow emittance of the MAX IV 3 GeV storage ring. An evaluation of the Touschek function shows that there is a sharp change in behavior once the transverse momenta in the bunch become small compared to the momentum acceptance. The physical explanation is that the transverse momenta in an ultralow emittance bunch are insufficient to generate scattering events which result in momentum deviations that can no longer be contained by the longitudinal acceptance of the machine. This leads to overall fewer Touschek losses and hence increased lifetime at lower emittances. A plot showing Touschek lifetime vs horizontal emittance for the MAX IV 3 GeV storage ring is displayed in Fig. 15 . Clearly, further reducing the lattice emittance with additional damping wigglers and insertion devices has a beneficial effect on Touschek lifetime. With IBS taken into account, one cannot emphasize the benefits of Landau cavities enough. By increasing the bunch length and hence reducing the charge density in the bunch, the Landau cavities not only increase Touschek lifetime, they also reduce the horizontal emittance blowup from IBS, which in the case of the MAX IV 3 GeV storage ring increases the Touschek lifetime even further. Figures 15 and 16 illustrate this situation. 
E. Overall lifetime and top-up injection
For lifetime and injection considerations we define a ''worst-case'' scenario. First, the configuration with four PMDWs and ten IVUs ensures large radiated energy losses. Second, we assume no extra rf stations are added; six cavities will give a maximum total cavity voltage of 1.5 MV. This results in a low rf acceptance of rf ¼ 4:0%. The Touschek lifetime including Landau cavities is then 25.5 h.
The elastic gas scattering lifetime is given by the rest gas composition and the physical acceptance of the machine. A rest gas equivalent of 2 pbar of CO has been assumed. The vertical acceptance limitation comes from in-vacuum IDs ( AE 2 mm gap, y ¼ 3 m at the end of the ID), whereas the horizontal acceptance is given by the maximum of the horizontal beta function ( x;max ¼ 10 m, chamber inner radius AE11 mm). This gives an elastic scattering lifetime of 25.4 h. The inelastic gas scattering lifetime also depends weakly on momentum acceptance. Assuming the same rest gas pressure, the inelastic gas scattering lifetime is calculated as 53.1 h for an energy acceptance of 4.0%. These lifetime contributions are summarized for the ''worstcase'' scenario in Table VII . When the MAX IV 3 GeV storage ring is operated with IDs and Landau cavities, as a consequence of the long Touschek lifetime, overall beam lifetime will no longer be Touschek dominated.
It is foreseen to have top-up injection into the MAX IV 3 GeV storage ring. Assuming a maximum current variation of 0.2% is tolerated and taking into account the calculated ''worst-case'' total lifetime of 10.3 h, an injection of 1.8 nC will be required every 74 sec. The MAX IV 3 GeV injector linac will be capable of delivering up to 10 nC in a 100 ns shot. Therefore the required top-up injection into the storage ring can be performed with a single shot. If we require five damping times for the residual kicker bump excitation of the stored beam to damp down, this yields a user dead time of 0.06%. A variable multishot injection at reduced charge is presently being considered in order to implement a filling pattern feedback. This would however come at the expense of more frequent top-up injections or a longer injection dead time (dominated by the repetition rate of the injector rather than the damping time) [16] . 
F. Brightness
The IDs for the MAX IV 3 GeV storage ring will be tailored to the specific needs of the beam lines. Conventional planar undulators as well as elliptically polarizing undulators will be installed in addition to the previously mentioned damping wigglers. The most demanding undulators are the flat field undulators for the production of undulator radiation at the highest possible photon energy, where the undulators combine shortest possible period length with highest possible magnetic peak field. The combination of short period length and high magnetic peak field points towards narrow-gap invacuum undulators of hybrid type, where blocks of permanent-magnet material are combined with soft magnetic materials. The peak field of an in-vacuum undulator can be increased by lowering the temperature of the magnetic material and recently cryogenically cooled invacuum undulators have been developed [52, 53] .
Superconducting undulators would, provided that the technical problems of building superconducting undulators can be overcome, outperform undulators based on permanent-magnet technology. The MAX IV 3 GeV storage ring is well suited for the installation of superconducting undulators because of the long bunch length and soft ends of the dipoles flanking the straight section, which give a moderate heat load to the cryostat of a superconducting undulator. Table VIII shows different types of IDs under consideration for the MAX IV 3 GeV storage ring. The undulators have been optimized for short period length while retaining overlap between first and third harmonic and have a maximum K value of % 2:2. Figure 17 shows the expected brilliance at peak energy of the undulators in Table VIII installed at the MAX IV 3 GeV storage ring. The brilliance has been calculated with the code SPECTRA [54] using a horizontal emittance of 0.26 nm rad, a vertical emittance of 8 pm rad, and an rms energy spread of 0.1%. As a comparison, the brilliance of the PMU installed in the ''ultimate source'' (zero horizontal and vertical emittance, but with the same energy spread) has been included in Fig. 17 . The plotted values are brilliance at peak energy and not maximum brilliance, which is found at slightly lower photon energy.
V. CONCLUSIONS AND OUTLOOK
The MAX IV 3 GeV storage ring has been shown to be a feasible concept to generate high-brightness x-ray radiation. The unprecedented ultralow emittance is made possible by a novel lattice design approach using compact multibend achromats with gradient dipole magnets. This low emittance is then further reduced by the introduction of strong damping wigglers and in-vacuum undulators. The required strong focusing, however, puts high demands on magnet design and vacuum system. Problems associated with vacuum pressure and transverse instability are mitigated by the use of NEG coating and a 100 MHz main rf system. If construction proceeds as expected, the MAX IV 3 GeV storage ring should go into operation in 2015.
With a constant stored current of 500 mA and a horizontal emittance below 0.3 nm rad, it will become the brightest storage ring-based synchrotron radiation source worldwide.
Emphasis is now being put on several remaining issues. Full 6D tracking for a lattice with realistic multipole field errors and magnet misalignments should give a better understanding of the dynamic behavior in the real machine. The orbit correction scheme is also under investigation: it is foreseen to implement correctors as additional windings in the sextupole magnets and install the BPMs between these sextupoles and the adjacent quadrupoles. We plan to verify that a fast orbit correction scheme with this corrector/BPM layout fulfills the tight beam stability requirements (due to the ultralow beam emittance an RMS beam stability in the long straight section on the order of 300 nm is required). Vibration studies with the foreseen low-height massive concrete support system are under way. Finally, the design of IDs and tailoring of IDs to specific beam line requirements is an ongoing activity. Table VIII. 
